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Abstract 
 
Despite the increasing application of fibre-reinforced polymer composites in aerospace and 
other industries, predicting composite material damage and failure remains a difficult task. 
This is particular evident for complex multi-axial load cases, where failure predictions involve 
a significant degree of uncertainty and are largely based on limited test data. Work is currently 
underway to develop a methodology for characterising composite material behaviour under 
multi-axial loading, which is based on the damage theory of the dissipated energy density. In 
this paper, the use of finite element analysis to support the development of this multi-axial 
characterisation methodology is presented. A modelling approach is presented that is suitable 
for predicting failure under in-plane multi-axial loading. The presented automation of the 
model generation is necessary because of the large amount of tests required to sample a multi-
dimensional loading space. The application of the numerical results as virtual or synthetic data 
is also demonstrated and the benefits discussed. 
 
Keywords:  Composite structures, multi-axial characterisation, dissipated energy density, 
damage modelling. 
 
 
Introduction 
 
The demand for more inexpensive and more efficient aviation transport has driven the rapid 
uptake of fibre-reinforced composites in aircraft development, mainly because composites can 
out-perform metals with respect to specific strength, corrosion resistance and fatigue. 
However, the deterministic prediction of the material under complex stress regimes is 
currently not well understood and the aerospace industry relies heavily on test data to predict 
failure. The development of better predictive methods promises a significant reduction in time 
and costs by reducing the number of physical tests required for the design and certification of 
composite structures. Current damage-based failure theories for composite materials are 
largely based on data from single-axial material tests. These theories provide some predictive 
capabilities for in-plane two-dimensional (2D) stress regimes, though no realistic damage-
based 3D failure predictions are currently available.  
 
An approach has been developed at the U.S. Naval Research Laboratory (NRL) to characterise 
strain-induced material damage that is based on the energy dissipated by a material 
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undergoing irreversible damage processes [1]. This dissipated energy can be determined 
experimentally from the nonlinear behaviour of a specimen under loading in an arbitrary 
direction, as shown in Fig. 1. A dissipated energy density (DED) function, with units of 
energy per unit volume, can be determined from experimental testing and is postulated to be a 
property of the material. The DED function relates the strain at any point in the material to the 
dissipated energy, and as such measures the cumulative nonlinear softening effect all damage 
mechanisms. The DED function has been used as a measure of local material softening due to 
load-induced damage, to quantify the nonlinear damage or global softening of composite 
materials and structures, or in a reciprocal sense to characterise material health [2-3].  
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Fig. 1:  Dissipated energy as determined from material load-displacement behaviour. 
 
The DED function is determined by a data-driven approach that uses an extensive set of test 
data. This data set is obtained from a custom-built multi-axial test machine, which is capable 
of inputting loading displacements in a number of degrees of freedom (DOF) simultaneously. 
The DED function characterised in this way is specific to the ply material, lay-up and ply 
thickness, and further testing is required when changes to these parameters are made. This 
results in the requirement for a large number of tests, based on a uniform sampling of all the 
parameters. For this reason, the data-driven approach requires an approach for sampling the 
multi-dimensional loading space, and is suited to a highly automated testing process. The 
DED function can then be incorporated into a nonlinear definition of the material constitutive 
behaviour, and the stress state determined in an iterative process as described in Ref. 1.  
 
The Cooperative Research Centre for Advanced Composite Structures (CRC-ACS) is 
currently leading a four-year research project that aims to extend the data-driven approach 
developed at NRL and develop a characterisation methodology for composite materials. The 
methodology aims to determine mechanical behaviour in the elastic range, at failure initiation 
and during material degradation leading up to and including ultimate failure.  
 
The goal of this paper is to present initial work in developing a finite element (FE) approach 
and associated computational infrastructure required to support the development of the multi-
axial characterisation methodology. The use of FE analysis as a key part of the development 
of this methodology is first discussed, as a means of providing guidance, further 
understanding and expansion of the experimental testing program. The design of the 
specimens used for multi-axial characterisation is also presented. An FE model is developed 
in Abaqus/Explicit of the characterisation specimens, which is capable of capturing in-plane 
failure mechanisms. The various parameters and key aspects of the model are discussed, and 
the application under multi-axial loading is demonstrated. Work done in automating model 
generation and results pre-processing is presented, in order to handle efficiently the large 
number of tests required for uniform sampling of the multi-axial loading space. The 
application of FE results as synthetic test data is discussed, both in terms of the output 
requirements of the test data, and the way the data is used to characterise the material 
behaviour under multi-axial loading.  
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Synthetic Data 
 
A suitable FE model is a key tool to assist with development of the proposed multi-axial 
characterisation methodology in several ways. The “suitability” of the model is discussed in 
detail in a later section, and initially only the benefits of the virtual or synthetic test data is 
outlined. In any project, there is significant cost and effort involved in experimental testing, 
that is not only associated with the time and cost of testing, but with the costs and acquisition 
issues associated with purchasing raw materials, finalising specimen design and dealing with 
issues in specimen manufacture. These challenges are also considerably more important for 
projects involving a complex experimental test program, and a large amount of material and 
manufacturing requirements. As a result, it is of great benefit for a number of reasons to be 
able to simulate the behaviour of specimens prior to testing, and as such to be able to produce 
synthetic test data from virtual testing. It is important to note that the synthetic data is not 
intended to replace experimental data, but rather to assist in the development of the multi-
axial characterisation methodology in a number of key ways.  
 
One key benefit from the development of a suitable FE model is that it allows for the 
proposed test program to be investigated without needing to physically test specimens. This is 
a common benefit for projects involving experimental testing, as it can be used to ensure that 
the specimens behave appropriately under the proposed test conditions. Example of where this 
provides benefits include determining whether the failure loads and deformations are within 
the limits of the test machine and data recording devices, and whether the appropriate or 
expected strain or loading states are generated throughout the specimen.  
 
There are also numerous benefits from being able to generate synthetic data that are more 
specific to the development of the multi-axial characterisation approach. As previously 
detailed, the proposed approach involves determining a DED function from testing data 
output. To do this requires software that takes test data as input and uses this to generate the 
DED function that characterises the material behaviour. The DED function is in the form of a 
set of coefficients that relate strain to dissipated energy, as described in Ref. 1. The 
development of this software requires data that is representative of real test data in a general 
sense, so that synthetic data is highly appropriate. Furthermore, by developing the software 
prior to actual experimental testing, it is possible refine the exact output requirements of the 
software, and as such avoid the need to re-test or abandon test data from experiment in future.  
 
Another key benefit of synthetic data for the development of the approach is the possibility to 
virtually generate data for a complete sampling of the multi-dimensional load space. This load 
space contains all the possible load vector combinations for the degrees of freedom (DOF) 
considered. For even a simple sampling scheme, uniform sampling of the space leads to an 
exponential increase in the number of load vectors, which for 6-DOF loading reaches an order 
of magnitude of tens of thousands. Furthermore, the total number of specimens required for 
testing is actually the number of load vectors multiplied by a number of factors, which include 
the variations in specimen design accounting for ply angles, scale effects and repeatability 
[1,3]. Clearly, the possibility to reduce the number of specimens needs to be investigated, 
based on comparing the DED function characterised using a “full set” of load vectors and a 
reduced set of data.  
 
There are several approaches available in order to reduce the number of specimens required 
for testing, and for all of these the availability of a full set of test data from virtual testing is of 
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high value. Initially, with a complete set of test data it is possible to investigate whether a 
reduced set, or subset, can provide a similar quality of data. This could be highly useful in 
identifying whether a loading space involving a reduced number of DOF can be used to obtain 
characterisation data of similar or satisfactory quality. Similarly, the application of different 
methods for sampling the loading space could also be investigated, where for example it may 
be satisfactory to reduce the number of specimens associated with certain DOF, or certain 
combinations of DOF. Furthermore, there is considerable research effort in this project 
involved in quantifying the quality of the data, and using this to optimise the load vectors 
applied for characterisation [4-6]. Load vector optimisation is proposed both as an offline 
(before/after testing) and online (during testing) operation, which can involve changing the 
load vector during the test. The development of these advanced aspects would also greatly 
benefit from a suitable FE model and the capability to generate synthetic data. 
 
Regarding the “suitability” of the model, this needs to be assessed from different points of 
view. From a model accuracy standpoint, the capability of the model to capture the key 
damage mechanisms in a general sense needs to be established. This capability needs to be 
determined across the range of load cases, so that suitably representative results are generated 
throughout the multi-dimensional load space. Obviously, a completely validated and highly 
accurate model would require detailed test data from the multi-axial test machine. However, 
in order to assist with the development of the multi-axial characterisation approach, and 
provide insight into the approach prior to the experimental test program is finalised, a model 
of suitable accuracy needs to be developed. The details on the development of a suitably 
accurate FE model based on limited yet representative multi-axial test data is outside the 
scope of this paper and will be reported in subsequent publications.  
 
The suitability of the model also needs to be assessed within the framework of generating 
virtual test data, that is, from a more practical and logistical standpoint. As there are a large 
number of analyses required, computational efficiency is clearly a prime consideration for 
suitability. Another aspect that is critical in this context is the robustness of the solver, that is, 
the likelihood that a converged solution is able to be found for any given damage state. This 
becomes a key consideration for implicit FE solvers, and is related to the numerical solution 
techniques such as damping and viscous regularisation that are necessary to be applied. On the 
other hand, explicit FE solvers do not require any damping to achieve convergence, but the 
time step of the analysis becomes a critical parameter that is set so as to balance the 
introduction of spurious dynamic effects and high computation times. For all practical aspects 
regardless of the solver type, the suitability of the numerical model across the range of loading 
cases applied is a key consideration.  
 
Numerical Model 
 
An FE model was developed that was suitable for generation of synthetic data, based on the 
practical considerations of suitability as discussed above. This involved developing a model 
that balanced computational efficiency, solver robustness and model complexity, as well as 
providing output to replicate data from the measurement devices in experimental testing.  
 
The specimen that has been proposed for the multi-axial characterisation approach is 
presented in Fig. 2. For further detail on the specimen design, for example the justification of 
such aspects as the double-notch design, the selection of laminates, and the choice of length 
scales to investigate, the reader is referred to previous publications [3,7]. Note that the X 
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direction is defined with the 0 direction of the laminate pointing from one grip to the other, 
so that loading in X refers to in-plane tension, Y is in-plane shear, and Z is out-of-plane shear.  
 
Fig. 2:  Multi-axial characterisation specimen. Left: Geometry. Right: FE model. 
 
Abaqus was selected as the FE code for several reasons, one of which was the availability of 
suitable damage models, which include models for representing ply damage and interlaminar 
damage initiation and growth in composite materials [8]. These have been applied by 
numerous authors in literature (see for example, Refs 9-10), and have been shown to be 
capable of representing the key in-plane and out-of-plane damage mechanisms. Although 
these damage models require calibration and parametric investigations in order to identify the 
various damage and numerical parameters, for the purposes of generating representative 
synthetic data values were taken from previous experience and from literature.  
 
The explicit solver Abaqus/Explicit was selected as being more suitable for synthetic data 
generation than the implicit solver. One key reason was the issue of stability and robustness of 
the solver, where previous experience with the in-plane and out-of-plane damage models in 
Abaqus has shown that the progression of damage, and associated stiffness reduction, can be 
highly problematic for the implicit solver [11]. Also, the numerical damping required for both 
in-plane and out-of-plane damage was found to be inconsistent and problem-specific. So, this 
meant that for any load case there was doubt over whether a converged implicit solution 
would be possible, or whether each load would require parametric studies in order to 
determine appropriate damping factors and solver parameters. For the generation of large 
quantities of synthetic data, particularly in an automated fashion, this inconsistent behaviour 
was unfavourable. This finding is consistent with the work of other researchers [12]. 
 
In contrast, the explicit solver does not require damping, as the nonlinear changes in stiffness 
have no effect on the convergence of the solution, and in fact convergence is guaranteed for 
every problem regardless of load case. As previously mentioned, the key parameter for the 
explicit analysis is the total time of the analysis. An explicit analysis is conditionally stable, 
with a problem-specific maximum time step to guarantee convergence. This time step is set 
based on the minimum time required anywhere in the model for a dilatational wave to cross an 
element. For any analysis, the total number of increments is simply the total analysis time, 
divided by the minimum time step. Setting the total time to a small value ensures a faster 
solution, but the reduced loading time can introduce unwanted dynamic effects. From 
previous work [11], it was shown that the fundamental frequency of the specimen (and its 
corresponding time period) is the key parameter in determining the loading rate to avoid 
dynamic effects. Furthermore, it was found that the total run time needed to be set to 30 times 
the fundamental period in order to achieve an error due to inertia effect of less than 2% [11]. 
This approach was used for the FE model of the characterisation specimen shown in Fig. 2, 
where the fundamental frequency for these specimen was found to be 31.49 kHz, or a 
fundamental period of around 0.032 ms, and the total run time was set to 1 ms. 
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The FE model is shown in Fig. 2, where the grips were modelled as providing perfect 
clamping and the clamped regions of the specimen were removed. The nodes along the top of 
the specimen that model the moveable grip were tied by rigid links to a free node at the 
specimen centre between the notches, as this is the reference for applied rotations. Shell 
elements were used, and the Abaqus model for in-plane composite material failure based on 
the Hashin criteria [8] was applied. An example of the results generated by the model is given 
below, where a [15,−15]16 laminate was put under a load case of 1 mm in the X direction (in-
plane tension) and 1 mm in the Z direction (out-of-plane shear), where the coordinate system 
is shown in Fig. 2. Fig. 3 shows the applied load-displacement behaviour in the X and Z 
directions and the evolution of the various energy values, where the dissipated energy was 
calculated internally by the solver and not with the software for determining the DED function 
previously described. Fig. 4 gives the fibre tension and matrix tension damage indices, where 
the damage index plot shows the maximum at any layer in the element, and a damage index of 
1 indicates that the stiffness terms associated with the damage mode are completely reduced. 
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Fig. 3:  Example results case. Left: Applied load versus displacement, X and Z loading.  
Right: Energy versus X displacement. 
 
 
Fig. 4:  Example results case, damage mode failure index after loading  
 
Output Requirements 
 
In experimental testing, the output required for the material characterisation approach is the 
applied load and displacement data, in addition to strain data for the front and back surfaces of 
the specimen [1]. The strain data is acquired with an optical full-field measurement system 
and is used to obtain strain readings at around 100 points per surface. During a test, data is 
0.0      0.2      0.4      0.6      0.8      1.0 
Fibre tension Matrix tension 
Damage index 
AIAC-13 Thirteenth Australian International Aerospace Congress 
 
 
Sixth DSTO International Conference on Health & Usage Monitoring 
output at 50 points along the combined load vector. The data for one laminate (one angle,) 
under all applied load cases is compiled into a single results file. This results file is then fed in 
with result files for other laminates into software that calculates the DED function for that 
material that is independent of ply angle. Result files can also be fed in for specimens with 
different geometry (length, width, thickness, ply thickness), in order to produce a DED 
function for the material that is geometry-independent.  
 
For the numerical data file to be used as virtual test data, the output of the numerical model 
needs to be equivalent to that of the experimental testing. Based on this, a common format 
was defined for the output file, for use both with experimental and synthetic data. This file 
contains a header and several sections separated by unique identifiers (such as “~~~” and 
“^^^”), in which all of the information is included that is relevant to both the specimen and 
the method used to generate results. In the numerical model output is requested for the applied 
load and displacement at the loading edge, and the strain at all nodes. This data is requested 
for all degrees of freedom, at 50 load increments. This data is then converted into the results 
file format in a post-processing operation.  
 
An example output file is given in Fig. 5, which was generated for the example load case 
described previously. In this figure the ellipsis “…” is used to show where data has been 
removed so that all sections of the file can displayed. Note that this output file only contains 
results for one load vector, though the complete file would contain results for all load vectors 
for a particular laminate. From Fig. 5, the output file header contains information on the file 
itself, the specimen and the material. For synthetic data files, the header also includes 
information on ply locations at which strain is output (five locations through the thickness, to 
provide information in addition to the surface data required for the DED function), the 
damage model, analysis parameters, node and connectivity data. This is followed by the 
output data, where the applied displacements and reaction forces for all degrees of freedom 
are given. The total work (WT), dissipated energy (WD) and recoverable energy (WR) are 
also given, where these values are calculated using the force-displacement data as shown in 
Fig. 1. This is followed by blocks of data for each load increment, where the strain at all 
locations is given. Note that for models based on shell elements, the through-thickness shear 
strains in the XZ and YZ direction are calculated from an approximation of the shear stresses.  
 
Automated Material Characterisation 
 
To perform multi-axial material characterisation using the proposed methodology requires a 
highly automated process, based on the large number of tests required. For experimental data, 
automation is accomplished using advanced mechatronic loading machines and automated 
specimen loading, and is described in other publications [1,3]. For synthetic data, automation 
functions were performed using utility routines written in Python, for tasks including 
generating a new input file by modifying the boundary conditions for each new load vector, 
running the analysis and post-processing the results to generate the output file. 
 
The material characterisation process is illustrated in Fig. 6, which applies to both 
experimental and synthetic testing. In this figure, “Specimen generation” refers to 
manufacture or creation of the numerical model in pre-processing, and is the only step in 
which automation is not applied. Testing is performed for all load vectors in the loading 
space, and for all specimen geometries required for the characterisation process. As previously 
mentioned, changes in geometry include length, width, thickness and/or ply thickness of the 
AIAC-13 Thirteenth Australian International Aerospace Congress 
 
 
Sixth DSTO International Conference on Health & Usage Monitoring 
characterisation specimen. Following all testing the characterisation process involves 
determining the DED function from all output data, as previously described.  
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Fig. 6:  Material characterisation process, for experimental or synthetic testing 
 
Discussion 
 
The work in this paper describes the generation of synthetic data based on in-plane failure 
modelling. However, it is clear that the full 6-DOF loading would involve significant out-of-
plane loading, so that capturing interlaminar failure is a key aspect. This will be the subject of 
future work, where capturing interlaminar fracture with the cohesive zone model will be 
investigated. This will focus on balancing the need to capture interlaminar damage accurately 
with efficient modelling strategies. In particular, it remains to be determined whether 
modelling delamination between every ply is required, or whether all delaminations through 
the laminate can be approximated by a reduced number of damageable layers. Similarly, it is 
not yet clear whether modelling the laminate using shell elements is satisfactory, or whether 
other elements such as continuum shells or full 3D solid elements are required.  
 
Conclusion 
 
Numerical modelling and analysis was presented to support the development of a multi-axial 
characterisation methodology for composite materials. The application of FE analysis to 
generate synthetic test data has a wide range of benefits, including providing guidance, further 
understanding and expansion of the experimental testing program. FE analysis is also a key 
tool being used to reduce the number of tests currently proposed as part of the methodology. A 
model was developed in Abaqus, based on the availability of suitable damage models for 
composite materials. The explicit solver was selected based on more suitable properties in 
terms of damping and solver robustness in comparison with the implicit solver. A model of 
suitable mesh, boundary conditions and loading rate was defined, and results were shown for 
an example multi-axial loading case. The complete characterisation process was discussed, 
which requires a high level of automation for both experimental and synthetic testing. Future 
work will aim to incorporate out-of-plane damage modelling in a more accurate manner, while 
remaining suitably efficient for application with the automated synthetic data generation.  
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